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SUMMARY 
This Technical Note reviews the requirements 
that must be met by electron tubes intended for 
space applications. After some remarks on the 
basic concepts of reliability and the weight and 
size penalties imposed by space missions, the 
environmental parameters of temperature, vibra- 
tion and shock, radiation, and particle bombard- 
ment are discussed. The special requirements 
imposed by the absence of a gravitational field 
and by the sensitivity of magnetometers to stray 
magnetic fields are also mentioned. While the 
feasibility of producing highly reliable micro- 
wave tubes for space missions has been demonstra- 
ted in the past, there remain areas where 
additional effort is required to reduce the weight 
penalty now imposed, particularly in cooling 
systems. The introduction of more efficient 
heaters and cathodes would greatly alleviate this 
problem. 
*Presented by W. H. Kohl at the Eighth National 
Conference on Tube Techniques, New York, N. Y., 
September 2 0 - 2 2 ,  1966. 
I NTRODUCTI ON 
This Technical Note reviews the requirements that must be met 
by electron tubes intended for space missions. Reliable 
communication over millions of miles depends crucially on the 
availability o f  high-frequency power. Solid-state devices 
canpot fulfill this need so that there is indeed still a place 
for tubes in space applications. It is more than likely that 
this state of affairs will prevail for some time, so that 
efforts directed toward the further improvement of electron 
tubes for space applications are a serious concern of the 
National Aeronautics and Space Administration. Work carried 
out, or supported, by NASA's Electronics Research Center (ERC)' 
at Cambridge, Mass., is aimed at this improvement. The 
environment to which a tube is exposed during a space mission 
can be briefly characterized by the following parameters: 
1. Shock and vibration 
2. Ambient temperature fluctuation 
3 .  Radiation and particle impact 
4 .  Zero gravity. 
The effect of these constraints on the operation of an electron 
tube will be discussed in the following sections after some 
remarks have been made on the basic concepts of reliability. 
In a final part of this Technical Note, practical solutions 
to the design problems and future trends will be outlined. 
The discussion will be limited to microwave tubes so that 
sensing devices and image display tubes are not included, 
although they have great importance in space missions. 
During the past 15 years, a substantial effort has been made 
to upgrade the reliability of electron tubes for military 
applications and also for commercial use in critical environ- 
ments. Both glass and ceramic envelope tubes are now avail- 
able which have a Mean-Time-Before-Failure (MTBF) of thousands 
of days, thus assuring lifetimes on the order of 100,000 hours. 
Submarine cable tubes with a life expectancy of well over 
20 years are now being made with ceramic envelopes. To a large 
extent, the experience gained in these developments is 
applicable to tubes intended for space missions. 
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1,2 RELIABILITY 
It is self-evident that the pursuit of space missions requires 
assurance that all components entering into the construction 
of the spacecraft or satellite are of a quality that is 
commensurate with the expected performance. Such missions are 
very costly indeed. The launch cost for a satellite is about 
$6,000,000, and its first-year cost of operation on the basis 
of a mean life of 100,000 hours is on the order of $20,000,000. 
These costs are reduced when the mean life is extended or when 
Expenditures for reiiability programs represent a substantial 
part of this cost and are a necessity. 
The manufacturer of microwave tubes for space missions must 
therefore concern himself with the theoretical and practical 
aspects of reliability. Unfortunately, military specifications 
do not adequately cover all tube types and all the varied 
applications in different circuits. There remains a wide area 
of interpretation of the few existing specifications where 
the manufacturer has to use his judgment ant apply tests that 
seem to be best-suited to the case in hand. 
more than one satellite is put into orbit in a given program. 3 
A large amount of literature fortunately is available for 
guidance, as indicated in the list of references at the end 
of this Technical Note. Of the authors who have addressed 
themselves specifically to the subject of "reliability for 
electron tubes," we mention Rodenhuis, Santing, and Van Tol, 
Champeix and Huber,6 Schiitze and D l ~ u h y , ~  and Noelcke.* The 
work done during the development of submarine cable tubes,g 
mentioned above, also is a valuable source of information. 
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Bearing in mind that reliability is expressed by the 
probability of survival of the member of a group of tubes 
subjected to specified operating conditions for a period of 
time, it behooves us to perform tests on a large enough sample 
so that statistical analysis is justified. This condition is 
not easily fulfilled with specialized and expensive tubes. 
The environmental parameters to be encountered in service 
must be simulated during the test and held at a constant level 
or be changed periodically, as conditions require. A static 
life test under normal operating conditions, as they apply to 
a commercial product, is therefore just the beginning of a 
whole series of tests that must be conducted at different 
levels of temperature, humidity, pressure, vibration and 
shock, and in the presence of radiation. Such a tzst 
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program, to be effective, requires a substantial amount of 
test gear, trained personnel to operate it, and an organization 
concerned with reliability, quality control, and traceability 
procedures that is set apart from production and has juris- 
diction over it. 
During production for the commercial market, a battle will 
often ensue for the relaxing of apparently tight tolerances, 
and the degree to which this desire is satisfied will of 
course be reflected in the quality of the end product. No such 
compromises are permissible in the production of tubes for 
military or space applications. It would lead us too far 
afield to attempt even a rudimentary introduction to the 
principles of reliability in a short presentation such as this. 
As a convenience for the newcomer to this field, some 
important concepts are highlighted in the following remarks. 
The life history of a given lot of tubes taken directly from 
the first test where inoperatives have been culled out can be 
represented by the curve shown in Figure 1 where the ratio 
n/no is plotted as a function of time on linear scales (n is 
the number of tubes put on test, and n is the number of 
survivors at any time thereafter). During an initial "burn- 
in period," T1, the population of survivors decreases fairly 
rapidly owing to blatant faults, such as poor welds, open 
heaters, or leaky envelopes. In the "useful life period," 
T2, "chance failures" predominate that can most readily be appraised by mathematical analysis. Finally, "wear-out" sets 
in at T3, where the emission from cathodes may become exhausted 
owing to a number of different reasons.8 
logarithmic scales, the survival, or reliability, curve R=n/n 
takes on the form shown in Fi ure 2 where the exponential decsy 
of the reliability curve R=e-?t during the useful life period 
is apparent. The well-known "bath tub curve" (Figure 3 )  
describes the failure rates, A ,  over the three periods in 
question. It should be mentioned that failure rates are not 
equivalent to removal rates, as pointed out by Strauss,4 
because a significant number of tubes is removed from circuits 
without/containing defectives. Total reliability therefore is a 
composite of inherent reliability and contributions from test 
maintenance practices, including human errors and logistics 
of supply.10 
amplifiers studied in one survey died of "old age" (wear-out 
failures), whereas reflex klystrons had 20 percent in this 
category. In commercial practice, 80 to 90 percent is a 
common figure for low power, or emission, failure defects. 
0 
When plotted on 
Only 5 percent of magnetrons and klystron 
4 
4 
p 
P- \ 
j PERIOD 
I 
Figure 1. - Survival Curve for a Lot under Test 
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Figure 3. - Bathtub Curve Showing Failure Rate versus Time 
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As neither a Gaussian distribution nor an exponential 
function describe the full'iextent of the reliability c rve, 
Weibullll has introduced a function R(t) = exp - [(t-m) ] /e . 
in which B determines the general form of the curve, m fixes 
the position of the curve with respect to the origin of the 
time axis, and e expresses the failure rate;* for B = 1, the 
Weibull function approaches the exponential distribution, and 
for B = 2 the Gaussian distribution results, as shown in 
Figure 4 .  Initial failures are therefore represented by the 
Weibull function with B <  1, statistical failures during the 
normal operating period by 6-1, and wear-out failures by B >  1. 
Experimental determinations have shown that the exponent 
assumes higher values for less complex tubes.6 
$1 
I-  
The practical measures to be adopted for the design of 
satellite tubes, such as travelling wave tubes (TWT's), have 
been described by BOdmer et a1.12 
loading ( 8 5  mA/cm2), low operating temperature (730OC), pains- 
taking outgassing of all tube components, judicious selection 
of electrode materials, and, above all, a long burn-in period 
(1000 hours) followed by an evaluation of cathode performance 
that ives meaningful correlation with life expectancy (dip 
testlg) , are some of the measures taken to ensure reliability. 
Conservative cathode 
" 
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Figure 4. - Weibull Survival Function R(t) = e - ( t '8)B for 8 = 3000 hours 
*€I gives the time in the survival curve where l/e = 3 6 . 8  percent 
of the tubes remain in service; it is 'also equal to the mean 
life M of the lot when B = 1, and to 1,12 M for B = 2. 
6 
LOW WEIGHT AND SIZE 
After reliability considerations, the overall weight and size 
of a tube is the next most important factor in space applica- 
tions. The total weight and size of the vehicle is necessarily 
limited to very definite values depending on the booster and 
on the type of mission. The fraction of the total launch 
weight that can be assigned to technical and scientific equip- 
ment varies from c 1  to 10 percent, so that a premium is put 
on device efficiency. The amount of fuel required per pound 
of payload ranges from 10 to 100 pounds, depending on the 
mission, and the cost of launch per pound of payload is on 
the order of $ 5 0 0  to $1,000. 
The total mission weight for the electron device includes the 
weight of primary power, power conditioning, heat radiator, 
and other auxiliaries made necessary by the tube. Improvements 
made in space power sources and power conditioning equipment 
will significantly alter the numbers to be assigned for such 
gear, but it is possible to give a useful average weight 
penalty for the present. 
For regulated and conditioned power in a typical spacecraft, 
the figure is 250 lb/kW for the lower power levels used at 
present. Larger, projected spacecraft power supplies, such 
as 50-kW units, will total about 65 lb/kW ( 5 0  lb/kW for the 
solar panel and 15 lb/kW for power conditioni 4). The size 
of such units is expected to be about 500 in.'/kW for power 
conditioning 
100 Watts). The area required for the solar panel is on the 
order of 250 ft2/kW. This compares to a weight penalty of 
about 30 lb/kW for a ballistic rocket mission and to about 
60 lb/kW for a large aircraft electrical system including 
fuel weight for a usual scheduled flight. The anticipated 
weight penalty for spacecraft using solar cells for larger 
blocks of primary power is therefore about the same as that 
for aircraft, while present weight penalties for smaller blocks 
of power are higher. Table I summarizes these data. The 
advent of thermionic and thermoelectric converters using solar 
or radioisotopic power sources must also be taken into account. 
(1500 in.3/kW for small supplies of about 
Efficiency affects the total weight and size of the tube 
package by virtue of cooling requirements. Ultimately, all 
waste heat must be radiated into space, and different methods 
have been used to get the heat to this transfer point. One 
klystron now being developed for space application utilizes 
a tungsten electron collector the outside of which is operated 
in an auxiliary vacuum space formed by a "searchlight" 
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TABLE I 
APPROXIMATE LOADING FACTORS FOR 
SATELLITES AND SPACE MISSIONS 
COSTOFLAUNCH OFSATELLITE.  . $ 6 million 
FIRST-YEAR OPERATING COST . . $ 2 0  million 
COST OF LAUNCH PER POUND OF PAYLOAD . $500-1000 
WEIGHT OF FUEL PER POUND OF PAYLOAD . 10-100 Ibs 
WEIGHT OF REGULATED AND CONDITIONED POWER: 
a. PRESENT S M A L L  POWER UNITS (IOOW). . 250 Ib/kW 
b. FUTURE LARGE POWER UNITS ( 5 0 k W )  . . 65 Ib/kW 
SIZE OF S M A L L  POWER UNITS (IOOW) 1500 in31kW 
SIZE OFLARGE POWER UNITS . . . . . . 500in3/kW 
AREA OF SOLAR PANELS . . . . . . . . 2 5 0 f t 2 / k W  
ELECTRICAL POWER WEIGHT PENALTY FOR 
ELECTRICAL POWER WEIGHT PENALTY FOR 
BALLISTIC ROCKET * 30 Ib/kW 
AIRCRAFT . 60 Ib/kW 
reflector and a sapphire infrared window. This collector is 
designed to radiate waste heat directly into space. Other 
spaceborne tubes utilize conduction cooling that either 
requires auxiliary circulatory cooling systems or a massive 
conduction path to the outside surface of the spacecraft. 
Conduction cooling becomes unattractive as power requirements 
increase. In unmanned spacecraft, a circulatory cooling 
system would be very unattractive in view of reliability 
considerations and also on account of adverse effects of the 
circulating mass on the stabilization of the satellite 
orientation. The absence of gravity rules out cooling by 
natural convection. The utilization of surface tension effects 
makes various capillary-action-cooling schemes attractive for 
space applications, and they will undoubtedly be used to an 
increasing extent. The cooling of electron tubes for space 
applications is not well developed at present, and much work 
remains to be done to reduce the weight and size required for 
a cooling system. 
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ENV I RONMENT 
Temperature 
A number of studies has been made on the adverse effect of 
ambient temperature variations on electron tube operation, 
both at ground level and at high altitude.14 
glass envelope tubes, severe derating of normal operating 
parameters is necessary if reliable operation is to be main- 
tained at elevated temperatures. This comment applies to 
electronic components in general. For a wide variety of air- 
borne electronic systems, mean life seems to decrease about 
10 percent for each 50C increase in equivalent ambient 
temperature.3 
Figure 5 where the failure rate,A, in percent per 1,000 hours, 
is plotted versus bulb temperature for miniature and sub- 
miniature tubes with a maximum rated bulb temperature of 22OoC, 
and where the ratio of operating power to rated power 
(including heater) is shown as a parameter.3 To maintain a 
given failure rate, or mean life,* at increasing temperatures, 
derating of the power level is necessary, as mentioned above. 
The failure rate of microwave and power tubes is much higher 
than that of receiving tubes and may range from 4 to 10 percent . 
per 1,000 hours, largely because higher temperatures prevail 
within the tube, and failure mechanisms are thereby accelerated. 
Recourse is therefore taken to external cooling to maintain 
ambient temperatures at conservative levels. As an example, 
the Telstar TWT Type M 4041 specification prescribes thermal 
cycling from 15 to 90 to 15OF (-26 to 32OC), and MIL-STD-202, 
which is frequently applied, calls for temperature cycling 
between -55 and +85OC (-67 to 185OF). 
With conventional 
This trend is indicated by the curves in 
The great emphasis put at one time on tubes capable of 
operating at the 500°C-leve114 has largely disappeared, because 
other components in the circuit, particularly solid-state 
devices, could not survive such high temperatures. However, 
the need for baking out tubes on the pump at temperatures of 
6OO0C, and higher, is generally recognized as a necessary 
measure to ensure low gas content and long life. Alumin- 
osilicate glasses or ceramics, in conjunction with stable 
metals, must then be chosen for the envelope and the methods 
of joining must be suitably adapted.15 
*Mean life, mean time between failure (MTBF), mean time to 
failure (MTTF), and mean time to first failure (MTTFF) have 
been used interchangeably in reliability discussions; this is 
justified only when the failure distribution is exponential; 
otherwise, these terms do not describe the same thing. 
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Figure 5. - Typical Receiving Tube Failure Rates as a Function of Bu lb  Temperature 
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Vibration and Shock 
The importance of t h e s e  parameters  has been w e l l  recognized i n  
t h e  des ign  of t ubes  f o r  m i l i t a r y  a p p l i c a t i o n s .  Equipment has  
been developed t o  s imula t e  shock i n  t h e  i n t e n s i t y  range from a 
few g a t  1 5  t o  20  m s e c  up t o  1 , 0 0 0  g i n  less than  1 m s e c  and 
t o  measure t h e  shock spectrum r e s u l t i n g  from t h e  d i f f e r e n t  
t ypes  of  e x c i t a t i o n .  V ib ra t ion  a t  c o n s t a n t  and swept f r equenc ie s  
i s  a l s o  r o u t i n e l y  a p p l i e d  t o  t u b e s  and u s u a l l y  cove r s  t h e  range 
of  5 t o  2 , 0 0 0  Hz a t  2 0  g i n  a l l  t h r e e  d i r e c t i o n s  a t  a sweep 
r a t e  o f  1 oc tave  pe r  minute.  An ex tens ive  i n v e s t i g a t i o n  of t h e  
r e p r o d u c i b i l i t y  of e l e c t r o n  t u b e  v i b r a t i o n  t es t  d a t a  w a s  
conducted a t  t h e  I l l i n o i s  I n s t i t u t e  of  Technology* s e v e r a l  
y e a r s  ago and showed up t h e  d i f f i c u l t y  of  o b t a i n i n g  c o n s i s t e n t  
r e s u l t s  from d i f f e r e n t  e x c i t e r s .  
V ib ra t ion  and shock encountered by tu'bes du r ing  space miss ions  
are n e g l i g i b l e  except  f o r  t h e  seve re  e x c i t a t i o n  du r ing  launch. 
Sudden a p p l i c a t i o n  of t h r u s t  on i n i t i a t i o n  of  t h e  l a s t  3 tage  
of  burning may cause  s t eady  a c c e l e r a t i o n  of 30 t o  50 g .  I n  
cases of "hard l ande r"  mis s ions ,  s eve re  shocks on t h e  o r d e r  of  
1 0 , 0 0 0  g f o r  1 m s e c  a r e  encountered.  Travelling-wave tubes  
developed f o r  m i s s i l e  guidance systems have s u c c e s s f u l l y  
surv ived  more than  1 0 0  launches  without  f a i l u r e . 1 2  The v i b r a t i o n  
t e s t  app l i ed  t o  a f i n a l  TWT package w a s  15  t o  5 0  t o  15  Hz a t  
0.3 inch  displacement  (3 .5  t o  38 t o  3.5 g ) ,  5 0  t o  1 0 0  t o  50 Hz 
a t  20 g ,  1 0 0  t o  2 , 0 0 0  t o  1 , 0 0 0  Hz a t  1 0  g.  A l l  guns and h e l i c e s  
w e r e  sub jec t ed  t o  v i b r a t i o n  us ing  50 t o  2 , 0 0 0  t o  50 Hz a t  2 0  g 
dur ing  f a b r i c a t i o n  t o  remove f o r e i g n  p a r t i c l e s .  Four guns w e r e  
v i b r a t e d  a t  15  t o  2 , 0 0 0  Hz from 4 t o  2 0  g a f t e r  1 1 , 0 0 0  on-off 
c y c l e s  of t h e  h e a t e r ;  f o u r  guns w e r e  shock-tested a t  3 t o  4 0 0  g 
without  harm, one t o  d e s t r u c t i o n  a t  1 , 6 0 0  g ,  a f t e r  1 1 , 0 0 0  on-off 
c y c l e s ;  and f i v e  hea ter -ca thode  s t r u c t u r e s  w e r e  v i b r a t e d  over  
1 0 0  t o  3,000 Hz a t  40 g . I 2  
t h e  degree  of shock and v i b r a t i o n  r e s i s t a n c e  t h a t  can be achieved.  
These d a t a  se rve  w e l l  t o  i l l u s t r a t e  
Rad i at ion 
The r a d i a t i o n  encountered on s o m e  space miss ions  i s  about  
6 o r d e r s  of  magnitude g r e a t e r  t han  t h a t  p r e s e n t  a t  t h e  E a r t h ' s  
s u r f a c e ;  it i s  most s eve re  i n  t h e  Van Al len  b e l t s  of  t rapped  
r a d i a t i o n  around t h e  Ear th .  I n  deep space,  t h e  r a d i a t i o n  
i n t e n s i t y  i s  o r d e r s  of magnitude below t h e  peak of t h a t  
*Armour Research Foundation, Con t rac t  AF 33(600)-31879. 
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prevailing in the Van Allen belts but equivalent to about 
2 orders of magnitude above that on the Earth's surface. The 
radiation encountered in the Van Allen belts should be con- 
sidered in the design and operation of electron tubes, but 
commonly used tubes are less subject to radiation-induced 
failure than are most solid-state devices; in spacecraft, the 
'latter outnumber tubes by a large factor. 
The radiation environment encountered by a tube varies widely 
for different missions, and it also depends on the particular 
location of the tube in a given spacecraft and on the shielding 
publishedlg and unpublished sources* will _give an idea of the 
ord& of magnitude of-the radiation problem. 
- provided .- b the spacecraft skin. Some typical values from 
In Earth orbit, the Telstar average equivalent dose amounted 
to 6 x 106 particles/cm2-sec with energy equivalent to 1 MeV 
electrons, or roughly a dose of 6 R/hr. 
A plot of the electron flux is shown in Figure 6 where the 
omnidirectional flux of electrons with energies over 0.5 MeV is 
used as the parameter on the coordinates of latitude versus 
altitude, expressed in units of Earth radii. From this plot. 
it can be seen that peak fluxes at about ai,1,200-nm** altitude 
over the equator (1.35 Earth radii above the center of the 
Earth) reach a value near 3 x 108 electrons/cm2-sec. The flux 
rises very rapidly at altitudes above 600 nm to a peak and then 
falls rather slowly with increasing altitude. Plots of flux 
for electrons with different energies vary widely in detail but 
are basically alike. 
A similar plot of omnidirectional proton flux for energies 
above 50 MeV is shown in Figure 7 .  The proton flux here 
reaches a peak value of 4 x 103 protons/cm2-sec; the structure 
of the inner and outer belts is also apparent. 
In deep interplanetary space, the fluxes consist of very hard 
cosmic rays and of the solar wind. The cosmic rays give a 
dosage equivalent to a moderate 10'R/yrr or roughly 100 times 
the rate prevalent at the Earth's surface. The solar wind has 
a high particle density of about 108 particles/cm2-sec, but it 
is effectively shielded by even the thinnest spacecraft skin, 
because particle energies are so very low, i.e., approximately 
1 keV, equivalent to about 500 km/sec. 
*nm = nautical mile 
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Figure 6. - R - X Flux Map for AEI (E> 0.5 MeV) 
EARTH RADII 
Figure 7. - R - X Flux Map for AP3 (Contours Are the 
Omnidirectional Flux above 50 MeV) 
13 
Micrometeoroids 
These particles present a unique environmental hazard in space. 
The micrometeoroid particles have a wide range of sizes and 
velocities, but the probability of catastrophic events is 
suitably l o w  for very moderate skin thickness, so that electron 
tubes are not affected. Optical surfaces of cameras or special 
devices with sensitive surfaces may suffer erosion when exposed 
to outer space. 
Steril ization 
It is an established policy of the United States Government to 
insist on sterilization of a spacecraft that has any significant 
chance of impacting on another planet. This measure will 
prevent the propagation of life from the Earth and possible 
destruction of life forms on other planets before they can be 
scientifically scrutinized. Two procedures are used for 
sterilization of spacecraft, viz., heat soaking of subassemblies 
at 125OC for many hours and final surface sterilization by 
treatment with ethylene oxide. No harmful effects of such 
treatment on the performance of electron tubes has come to our 
attention. In fact, internal sterilization of the tube is 
achieved by the usual high-temperature bake-out on the pump. 
On the outside of the tube, materials that would be attacked 
by ethylene oxide must be avoided. 
14 
SPEC I AL REQU I REMENTS 
Low External Magnetic Field 
Many spacecraft contain sensitive magnetometers that place 
much more stringent requirements on the allowable external 
magnetic leakage field from an electron device. These magneto- 
meters can accurately measure planetary and interplanetary 
magnetic fields of a few gamma.* Some degaussing of the space- 
craft to compensate for leakage fields is possible, and indeed 
necessary, to cancel effects of a direct current flow in the 
vehicle. The maximum permissible leakage field from components 
is 10 gamma at a distance of 3 to 5 feet from the component. 
Center of Gravity 
The center of gravity of a spacecraft must be well-defined and 
not subject to alteration. The location of an electron device 
in the system, and even the desirable shape factor, may be 
critical because of this. Any dynamic change of the center of 
gravity caused by uneven flow of a coolant, or by any other 
mechanical motion within the craft, would place an added burden 
on the attitude stabilization system and must therefore be 
avoided. Stabilization systems of the future will have to 
maintain attitude to within 10-2 and eventually to 1 0 - 5  degree. 
Uti l izat ion of Vacuum of Outer Space 
The possibility of taking advantage of the high vacuum of outer 
space for nude tubes has been considered from time to time. 
Such tubes would be free of the contaminants released within a 
closed envelope from inadequately processed components and 
therefore promise to have a longer life. Sensing devices could 
be freed of the limitations presented by the optical character- 
istics of the window. In fact, a photomultiplier used in an 
ultraviolet spectrometer was opened to outer space at high 
altitude in a recent experiment. However, tubes will have to be 
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produced in an Earth-bound atmosphere. The mechanics of 
opening the tubes later without exposure to shock or to conta- 
minants present in the space capsule will offer severe 
complications. 
More Effective Heaters 
A fruitful area of endeavor, where a substantial improvement of 
the long-term performance of satellite tubes could be made, 
relates to the heater-cathode system. A highly efficient cold 
cathode would indeed relieve the adverse heat balance of the 
tube, but attempts in this direction have not been very 
successful so far. The introduction of radio-isotopic heaters 
is presently under investigation and expected to find wide 
application in a number of microwave tubes. 
Another interesting development, originated at the Los Alamos 
Scientific Laboratory, is the heat pipe which is able to 
conduct heat along its length at a rate much higher than that 
of a solid copper rod of equivalent size. The heat pipe 
consists of an evacuated tubular structure that is lined with 
capillaries on its inner wall. Being partly filled with a high- 
vapor-pressure fluid, the tube conveys heat from its input end 
to the output where the vapor condenses and gives up its heat 
of condensation; the fluid returns to the input end through the 
capillary channels. The heat transfer mechanism is therefore 
not dependent on the presence of a gravitational field. 
16 
CONCLUSIONS 
The feasibility of producing highly reliable microwave tubes 
for space applications has been demonstrated in successful 
missions in the past. To achieve this aim requires extra- 
ordinary care at all stages of development, that is: 
1. 
2. 
3 .  
In design, where only well-established procedures 
and proven methods can be accepted for the device 
and where the stringent environmental conditions 
to be encountered must always be kept in mind; 
In prototype development, where the reliability 
of each component used in the device and that of 
the entire assembly must be ensured by controlled 
tests; 
In the overall engineering organization, where a 
special effort must be made to imbue the team 
with the earnest conviction that aiming for 
perfection at all cost must be the guideline in 
all operations. 
Electronics Research Center 
National Aeronautics and Space Administration 
Cambridge, Massachusetts, October, 1966 
125-22-03-12 
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